Abstract: Aiming at the function and technical requirements of high-power photovoltaic cell simulation, high-performance programmable logic power supply and dc motor simulation, a high frequency isolation hybrid topology and control strategy based on current-source/voltage-source converter was studied and proposed. Firstly, according to the performance requirements of photovoltaic cell analog power supply, the control strategy requirements of the high-precision wide-range hybrid topology were proposed. Secondly, the working principle of the new hybrid topology was analyzed. At the same time, the equivalent model of the new hybrid topology was simplified and established, and the overall control strategy of the hybrid topology based on current compensation and sliding mode variable structure was proposed. Finally, simulation and experimental research on the hybrid topology was carried out, and the experimental test of photovoltaic cell simulation was completed. The simulation and experimental results show that the hybrid topology and control strategy proposed in this paper has the characteristics of wide-range output regulation, fast dynamic response, high efficiency and high power factor, and can be used for high performance photovoltaic cell simulation, programmable logic power supply and DC motor simulation.
Introduction
DC power supplies and load devices are core devices for energy conversion and diversified applications. They are widely used in various industries, from power adapters and switching power supplies to DC power transmission and distribution systems. High-performance, low-energy, energy-saving power supplies are important for efficient energy use. With the rapid development of power electronics and control technology, high-performance DC power supplies can be used as general-purpose power supplies such as DC system power supplies, communication base station power supplies, and experimental test power supplies. It can also be used as a photovoltaic analog power supply, a programmable power supply, a DC motor characteristic simulator, a special power supply, etc., which is receiving more and more attention.
In this study, the topology and control strategy of the above-mentioned high-performance DC power supply were taken as the research objectives; taking the photovoltaic battery analog power supply as a representative case, a high-precision wide-range hybrid topology and a control strategy are proposed to simulate the characteristics of photovoltaic cells under different environmental conditions. According to the technical requirements of actual photovoltaic cells, the designed topology should range of DC voltage output, since the DC side current polarity cannot be changed, the power supply and load switching can only be realized by changing the voltage polarity, and its application range and occasion are also greatly limited. Therefore, based on the research of the current source converter topology, PWM pulse logic, modeling method and control strategy, a high-frequency isolation hybrid topology based on current-source/voltage-source converter is proposed in this paper. The current source type converter is controlled by the voltage space vector control method instead of the current space vector control method. On the basis of this, a hybrid topology overall control strategy based on current compensation and sliding mode variable structure is proposed, which has the advantages of being a high-capacity, high-precision, high-efficiency platform and a power factor platform of both current source converters and voltage source converters.
The organization of this paper is as follows. In Section 1, the topology and control requirements of high-precision wide-range power supplies based on the performance requirements of photovoltaic cell analog power supplies is discussed. In Section 2, a hybrid topology based on a current source converter is proposed and its working principle is analyzed. In Section 3, the equivalent model of hybrid topology is established, and the hybrid topology control strategy based on sliding mode variable structure and current compensation control is proposed and studied. In Section 4, the proposed hybrid topology and control strategy is simulated. In Section 5, the prototype design, the experimental study of hybrid topology and control, and the application test verification of photovoltaic cell simulation are presented. In Section 6, the paper is summarized.
Analysis of Topology and Control Strategy Requirements Based on Photovoltaic Cell Simulation

Photovoltaic Battery Model
A photovoltaic cell is an energy converter that converts solar energy directly into electrical energy. It is actually a DC power source that is affected by external factors such as light intensity and ambient temperature. In the absence of light, the basic behavior of a photovoltaic cell is similar to a normal diode. The equivalent circuit is shown in Figure 1 .
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Analysis of Topology and Control Strategy Requirements Based on Photovoltaic Cell Simulation
Photovoltaic Battery Model
A photovoltaic cell is an energy converter that converts solar energy directly into electrical energy. It is actually a DC power source that is affected by external factors such as light intensity and ambient temperature. In the absence of light, the basic behavior of a photovoltaic cell is similar to a normal diode. The equivalent circuit is shown in Figure 1 . Iph is the photo-generated current, Id is the dark current, Rs is the series resistance, Rsh is the bypass leakage resistance, and Rs and Rsh are the inherent resistance of the photovoltaic cells. Since the instantaneous response time of the device is negligible compared to the time constant of most photovoltaic systems, the capacitance Cj can be ignored in the analysis. Rs is usually small and has little effect on the system, so it is generally set to a fixed value. Therefore, the mathematical model is: 
where I0 is the diode reverse saturation current; A is the diode factor; T is the absolute temperature; q is the electron charge, 1.6 × 10 −19 C; and K is the Boltzmann constant, 1.38×10 -23 J/K. Under ideal conditions, assuming that Rsh→∞, Rs→0, the photovoltaic cell current and voltage curve can be obtained according to Equation (1) , as shown in Figure 2 I ph is the photo-generated current, I d is the dark current, R s is the series resistance, R sh is the bypass leakage resistance, and R s and R sh are the inherent resistance of the photovoltaic cells. Since the instantaneous response time of the device is negligible compared to the time constant of most photovoltaic systems, the capacitance C j can be ignored in the analysis. R s is usually small and has little effect on the system, so it is generally set to a fixed value. Therefore, the mathematical model is:
where I 0 is the diode reverse saturation current; A is the diode factor; T is the absolute temperature; q is the electron charge, 1.6 × 10 −19 C; and K is the Boltzmann constant, 1.38×10 −23 J/K. Under ideal conditions, assuming that R sh →∞, R s →0, the photovoltaic cell current and voltage curve can be obtained according to Equation (1) , as shown in Figure 2 . The parameters of R sh , I ph , and I 0 are usually calculated by boundary conditions and setting conditions: Voc is the open circuit voltage, Isc is the short circuit current, Vop is the maximum power point voltage, and Iop is the maximum power point current. Substituting Condition (a) into Equation (1), Equation (2) can be derived. When short-circuited, the diode reverse saturation current I0 is much smaller than the short circuit current Isc, thus it can be ignored. Therefore, using Condition (b), Equation (3) can be derived. 
Using Condition (c), Equation (4) can be derived. From Equations (2)-(4), Rsh, Iph, and I0 can be calculated, separately. Equation (1) contains five parameters, I0, Iph, Rsh, Rs and A, which are related to the light intensity, ambient temperature and the photovoltaic cell itself, and these five parameters are difficult to determine and are not convenient for engineering applications. Moreover, manufacturers of photovoltaic cells generally only provide users with standard test conditions, so the output characteristics of the photovoltaic cells under standard test conditions should be converted into mathematical models of photovoltaic cells under non-standard test conditions, thus solving the problem of calculation of output characteristics at arbitrary light intensity and temperature.
According to the research in [18] [19] [20] , the mathematical model of engineering application of photovoltaic cells can be obtained as follows. The output characteristics of photovoltaic cells under standard test conditions is shown in Equation (5).
Among them:
The mathematical model of the photovoltaic cell under non-standard test conditions is shown in Equations (6) and (7). V oc is the open circuit voltage, I sc is the short circuit current, V op is the maximum power point voltage, and I op is the maximum power point current. Substituting Condition (a) into Equation (1), Equation (2) can be derived.
When short-circuited, the diode reverse saturation current I 0 is much smaller than the short circuit current I sc , thus it can be ignored. Therefore, using Condition (b), Equation (3) can be derived.
Using Condition (c), Equation (4) can be derived.
From Equations (2)-(4), R sh , I ph , and I 0 can be calculated, separately. Equation (1) contains five parameters, I 0 , I ph , R sh , R s and A, which are related to the light intensity, ambient temperature and the photovoltaic cell itself, and these five parameters are difficult to determine and are not convenient for engineering applications. Moreover, manufacturers of photovoltaic cells generally only provide users with standard test conditions, so the output characteristics of the photovoltaic cells under standard test conditions should be converted into mathematical models of photovoltaic cells under non-standard test conditions, thus solving the problem of calculation of output characteristics at arbitrary light intensity and temperature.
According to the research in [18] [19] [20] , the mathematical model of engineering application of photovoltaic cells can be obtained as follows. The output characteristics of photovoltaic cells under standard test conditions is shown in Equation (5) .
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The mathematical model of the photovoltaic cell under non-standard test conditions is shown in Equations (6) and (7) .
where a = 0.0025 • C, b = 0.5, and c = 0.00288 • C. I scn , V ocn , I opn and V opn under general working conditions are obtained to replace I sc , Voc, I m and V m under standard test conditions, and then the output characteristics of the photovoltaic cell under normal working conditions can be obtained by Equation (5), thereby solving the calculation problem of the output characteristics at arbitrary light intensity and temperature.
Topology and Control Strategy Requirements Analysis
From the output of the photovoltaic cell I-V curve and photovoltaic characteristics, the topology proposed in this paper should first have a high-precision wide-range requirement of output current from 0 to I sc and output voltage from 0 to Voc. From the mathematical model of photovoltaic cells under non-standard test conditions, the control strategy of the topology to be designed in this paper needs to be changed according to the light intensity and temperature change, that is, it has better fast dynamic tracking performance. In addition, when used as a multi-function power supply, the system often works at non-rated operating points. The designed hybrid topology also requires a high-efficiency and a high-power factor platform, which can save energy consumption and reduce reactive power under a variety of working conditions. In summary, the high-power analog power supply of photovoltaic cells represents the requirements of high-performance, high-precision, and high-response power supply in terms of function and performance, therefore this paper proposes a new hybrid topology and control strategy for power electronics to achieve the above requirements based on the simulation of high-power photovoltaic cells.
Hybrid Converter Topology
Usually, the high-power power supply for the wide output range of the rectifier often uses a voltage source type AC-DC and DC-DC two-stage converter topology. However, the three-phase voltage source AC-DC converter used in such a converter belongs to a boost converter, and the minimum voltage on the DC bus side is about the peak value of the AC grid line, and the voltage source converter has a dead zone during the control process. Even if a DC-DC is added, it is difficult to adjust the voltage in a wide range due to the limit voltage of the gain ratio. The current adjustment range is also the same, especially when both the voltage and the current are low. Therefore, this paper proposes a new hybrid converter topology based on current source converters to avoid the above problems. At the same time, through the design of the control strategy, the problem of unstable control and poor precision of the current source converter at low voltage and small current can be solved.
In view of the above analysis, a novel hybrid topology is proposed, which is composed of a current source type AC-DC converter, a current source type DC-AC converter, a high frequency transformer and a voltage source type AC-DC converter, as shown in Figure 3 . In this paper, the three-phase AC voltage source is used as the main input power source for the solar cell model because the three-phase AC voltage source can achieve higher power and does not cause grid imbalance. CSCI is used in the first stage because the voltage source converter type cannot achieve a wide range of voltage and current variations from zero to maximum required for photovoltaic cell simulation. Since the current source converter current can only flow in one direction, to match CSCI, the second stage also uses a current source converter to ensure the circulation path. According to the characteristics of the current source type converter, the current can range from zero to the rated value, so the voltage can also be adjusted in a wide range. Energy is absorbed from the three-phase grid to supply DC output. The path of energy flow flows from the three-phase grid through the LC filter into the three-phase current source converter (CSCI). The rectified energy passes through a current source type DC-AC converter (CSCII), a high frequency transformer (HFT), and a voltage source type AC-DC converter (VSCI) to output a DC with adjustable voltage and current.
Usually, the high-power power supply for the wide output range of the rectifier often uses a voltage source type AC-DC and DC-DC two-stage converter topology. However, the three-phase voltage source AC-DC converter used in such a converter belongs to a boost converter, and the minimum voltage on the DC bus side is about the peak value of the AC grid line, and the voltage source converter has a dead zone during the control process. Even if a DC-DC is added, it is difficult to adjust the voltage in a wide range due to the limit voltage of the gain ratio. The current adjustment range is also the same, especially when both the voltage and the current are low. Therefore, this paper proposes a new hybrid converter topology based on current source converters to avoid the above problems. At the same time, through the design of the control strategy, the problem of unstable control and poor precision of the current source converter at low voltage and small current can be solved. The specific working principle is shown in Figure 4 . The three-phase AC-DC current source type converter (S 11~S16 ) operates in the three-phase current source type PWM mode, and the current and voltage on the grid side are controlled in the same phase. The CSCII (S 21~S24 ) on the primary side of the high-frequency transformer obtains a 50% duty cycle current source type PWM pulse. The current source type PWM requires that the upper and lower arms need to be overlapped, that is, simultaneously turned on to maintain the current path. The VSCI on the secondary side of the high-frequency transformer can be a half-bridge full-wave rectifier or a single-phase full-bridge rectifier. In this paper, a single-phase full-bridge diode rectifier is used. The circulation switch S 17 is always in the ON state, and the freewheeling switching is automatically performed according to the ON and OFF states of S 11 to S 16 , thereby ensuring the circulation path and improving the efficiency. The energy is transmitted to the DC side via the AC-DC converter CSCI, the DC inductor L DC , and the converter CSCII. The current flowing through the input side is: phase
The current flowing through the output side is: DC output side N→D 34 →HFT→D 31 →Filter L f1 →DC output side P. Since the input and output sides are electrically isolated by a high-frequency transformer, in the case of high-power output, the output side can be connected in multiple stages in parallel to increase the output power. In view of the above analysis, a novel hybrid topology is proposed, which is composed of a current source type AC-DC converter, a current source type DC-AC converter, a high frequency transformer and a voltage source type AC-DC converter, as shown in Figure 3 . In this paper, the three-phase AC voltage source is used as the main input power source for the solar cell model because the three-phase AC voltage source can achieve higher power and does not cause grid imbalance. CSCI is used in the first stage because the voltage source converter type cannot achieve a wide range of voltage and current variations from zero to maximum required for photovoltaic cell simulation. Since the current source converter current can only flow in one direction, to match CSCI, the second stage also uses a current source converter to ensure the circulation path. According to the characteristics of the current source type converter, the current can range from zero to the rated value, so the voltage can also be adjusted in a wide range. Energy is absorbed from the three-phase grid to supply DC output. The path of energy flow flows from the three-phase grid through the LC filter into the three-phase current source converter (CSCI). The rectified energy passes through a current source type DC-AC converter (CSCII), a high frequency transformer (HFT), and a voltage source type AC-DC converter (VSCI) to output a DC with adjustable voltage and current.
The specific working principle is shown in Figure 4 . The three-phase AC-DC current source type converter (S11~S16) operates in the three-phase current source type PWM mode, and the current and voltage on the grid side are controlled in the same phase. The CSCII (S21~S24) on the primary side of the high-frequency transformer obtains a 50% duty cycle current source type PWM pulse. The current source type PWM requires that the upper and lower arms need to be overlapped, that is, simultaneously turned on to maintain the current path. The VSCI on the secondary side of the highfrequency transformer can be a half-bridge full-wave rectifier or a single-phase full-bridge rectifier. In this paper, a single-phase full-bridge diode rectifier is used. The circulation switch S17 is always in the ON state, and the freewheeling switching is automatically performed according to the ON and OFF states of S11 to S16, thereby ensuring the circulation path and improving the efficiency. The energy is transmitted to the DC side via the AC-DC converter CSCI, the DC inductor LDC, and the converter CSCII. The current flowing through the input side is:
The current flowing through the output side is: DC output side N→D34→HFT→D31→Filter Lf1→DC output side P. Since the input and output sides are electrically isolated by a high-frequency transformer, in the case of high-power output, the output side can be connected in multiple stages in parallel to increase the output power. If energy bidirectional flow is required, it is only necessary to replace the VSCI in the topology from a non-controllable diode rectifier to a controllable single-phase H-bridge, as shown in Figure 5 . When energy is delivered from VSCI to CSCII, VSCI's S 31 to S 34 use a 50% duty cycle PWM pulse, while S 21 to S 24 use full conduction to rectify, allowing energy to flow in the opposite direction. When energy is delivered from CSCII to VSCI and CSCII, the S 21 to S 24 use a 50% duty cycle PWM pulse, the VSCI's S 31 to S 34 are all turned off, and the VSCI is equivalent to an uncontrolled rectifier The energy bidirectional flow topology is suitable for applications such as battery charging and discharging, energy storage systems, and DC motor simulation. When used as a photovoltaic cell analog or general high-performance power supply, the uncontrollable rectifier bridge can be selected to reduce costs. The control method for the two-way flow of energy is introduced in Section 4, and verified in Section 5 by system simulation. If energy bidirectional flow is required, it is only necessary to replace the VSCI in the topology from a non-controllable diode rectifier to a controllable single-phase H-bridge, as shown in Figure 5 . When energy is delivered from VSCI to CSCII, VSCI's S31 to S34 use a 50% duty cycle PWM pulse, while S21 to S24 use full conduction to rectify, allowing energy to flow in the opposite direction. When energy is delivered from CSCII to VSCI and CSCII, the S21 to S24 use a 50% duty cycle PWM pulse, the VSCI's S31 to S34 are all turned off, and the VSCI is equivalent to an uncontrolled rectifier bridge composed of an IGBT freewheeling diode. The principle is the same as that shown in Figure 4 . The energy bidirectional flow topology is suitable for applications such as battery charging and discharging, energy storage systems, and DC motor simulation. When used as a photovoltaic cell analog or general high-performance power supply, the uncontrollable rectifier bridge can be selected to reduce costs. The control method for the two-way flow of energy is introduced in Section 4, and verified in Section 5 by system simulation.
Hybrid Topology Control Strategy
Three-Phase Current Type PWM Pulse Logic
The three-phase current source type converter usually adopts current space vector control to divide the spatial angle into six regions, as shown in Figure 6a , in which any current vector will fall in one of the six regions. The vector can be generated equivalently to two adjacent current vectors and zero vectors. 
Hybrid Topology Control Strategy
Three-Phase Current Type PWM Pulse Logic
The three-phase current source type converter usually adopts current space vector control to divide the spatial angle into six regions, as shown in Figure 6a , in which any current vector will fall in one of the six regions. The vector can be generated equivalently to two adjacent current vectors and zero vectors. If energy bidirectional flow is required, it is only necessary to replace the VSCI in the topology from a non-controllable diode rectifier to a controllable single-phase H-bridge, as shown in Figure 5 . When energy is delivered from VSCI to CSCII, VSCI's S31 to S34 use a 50% duty cycle PWM pulse, while S21 to S24 use full conduction to rectify, allowing energy to flow in the opposite direction. When energy is delivered from CSCII to VSCI and CSCII, the S21 to S24 use a 50% duty cycle PWM pulse, the VSCI's S31 to S34 are all turned off, and the VSCI is equivalent to an uncontrolled rectifier bridge composed of an IGBT freewheeling diode. The principle is the same as that shown in Figure 4 . The energy bidirectional flow topology is suitable for applications such as battery charging and discharging, energy storage systems, and DC motor simulation. When used as a photovoltaic cell analog or general high-performance power supply, the uncontrollable rectifier bridge can be selected to reduce costs. The control method for the two-way flow of energy is introduced in Section 4, and verified in Section 5 by system simulation.
Hybrid Topology Control Strategy
Three-Phase Current Type PWM Pulse Logic
The three-phase current source type converter usually adopts current space vector control to divide the spatial angle into six regions, as shown in Figure 6a , in which any current vector will fall in one of the six regions. The vector can be generated equivalently to two adjacent current vectors and zero vectors. The calculation conditions for the ideal current source duty cycle are as follows:
(1) The DC current is large enough, and the instantaneous DC current of the switch on/off is unchanged. The calculation conditions for the ideal current source duty cycle are as follows:
(1) The DC current is large enough, and the instantaneous DC current of the switch on/off is unchanged. ( 2) The DC current is continuous.
The formula for calculating the duty ratio is as follows: where i S is current vector value and I DCL is current value of DC inductor L.
As can be seen from Equation (8), the present calculation method has the following problems. When the direct current is relatively small or the direct current is discontinuous, especially when it is close to zero, the calculation error of Equation (8) is relatively large, and the current control is likely to resonate. In addition, to measure the AC side current, two current sensors are required at the minimum. Since the DC inductance L is relatively small, the current will change when the switch is on/off, and a more stable and reliable calculation method needs to be designed.
According to the state of the AC side switch of the three-phase current source type PWM converter, it is known that the voltage on the AC side is applied to both ends of the DC inductor L. From the AC side, this voltage is based on the six voltage vectors generated by the AC switch. The current space vector shown in Figure 6a substantially coincides with the voltage vector shown in Figure 6b .
It can be seen from the analysis that:
(1) The same as the generation of the arbitrary current vector of the interval, it is also possible to generate a voltage vector of an arbitrary interval. Therefore, instead of the current vector method, a duty ratio calculation method of controlling the instantaneous value of the DC inductance L current by an equivalent voltage vector can be employed. This method has many advantages. The instantaneous feedback control of inductance current on the dc side has a fast and stable response, which avoid divergence or inaccuracy control of Equation (8) caused by insufficient current accuracy or current interruption. When the voltage space vector is used, the denominator of the duty ratio of the load is calculated to be near the rated value, which improves the accuracy and reliability of the control.
To reduce harmonics and spike voltage, and improve the life and reliability of switching devices, the PWM also needs to find the optimal switching sequence during switching. In the process of switching, to generate the voltage space vector in the second region of π/6 to π/2, as shown in Figure 6b , switching of the voltage vectors V 1 and V 2 is performed. Figure 7a shows the current direction when voltage vector V 1 and V 2 are switched. Figure 7b ,c illustrate the voltages V D11 and currents i D11 across D 11 when V 1 is switched to V 2 in the two states of line voltage V uv > 0 or V uv < 0. The two cases are as follows:
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where iS is current vector value and IDCL is current value of DC inductor L As can be seen from Equation (8), the present calculation method has the following problems. When the direct current is relatively small or the direct current is discontinuous, especially when it is close to zero, the calculation error of Equation (8) is relatively large, and the current control is likely to resonate. In addition, to measure the AC side current, two current sensors are required at the minimum. Since the DC inductance L is relatively small, the current will change when the switch is on/off, and a more stable and reliable calculation method needs to be designed.
(1) The same as the generation of the arbitrary current vector of the interval, it is also possible to generate a voltage vector of an arbitrary interval. Therefore, instead of the current vector method, a duty ratio calculation method of controlling the instantaneous value of the DC inductance L current by an equivalent voltage vector can be employed. This method has many advantages. The instantaneous feedback control of inductance current on the dc side has a fast and stable response, which avoid divergence or inaccuracy control of Equation (8) caused by insufficient current accuracy or current interruption. When the voltage space vector is used, the denominator of the duty ratio of the load is calculated to be near the rated value, which improves the accuracy and reliability of the control. To reduce harmonics and spike voltage, and improve the life and reliability of switching devices, the PWM also needs to find the optimal switching sequence during switching. In the process of switching, to generate the voltage space vector in the second region of π/6 to π/2, as shown in Figure  6b , switching of the voltage vectors V1 and V2 is performed. Figure 7a shows the current direction when voltage vector V1 and V2 are switched. Figure 7b and Figure 7c illustrate the voltages VD11 and currents iD11 across D11 when V1 is switched to V2 in the two states of line voltage Vuv > 0 or Vuv < 0. The two cases are as follows:
As shown in Figure 7b , when Vuv > 0, and V1 is switched to V2, since VD11 < 0, the spike voltage is relatively small. (Because Vuv is added at both ends of S11, it is difficult to generate spike voltage.)
As shown in Figure 7c , when Vuv < 0, and V1 is switched to V2, since VD11 < 0, the spike voltage is relatively large.
Therefore, to suppress the spike voltage, it is necessary to divide the same region into two small regions of π/6, and the vector voltages are sequentially switched according to the line voltage to suppress the spike voltage. In fact, the entire voltage space will be divided into 12 areas, for example:
In the second zone, when Vuv >0 in the interval of π/6 to π/3, the order of switching is 
V
To avoid the shock, the pulse overlap time of the current source type PWM should also be considered. The current source type switch is switched between "on" and "off". To ensure continuous current, the current switch must be "off" after the next switch "on". The time when the two switches are "on" together becomes the overlap time of the current source type PWM for the freewheeling of the current.
Hybrid Converter Equivalent Model and Control Strategy
According to the working principle of the topology, the hybrid topology can be equivalent. The equivalent model is shown in Figure 8 , that is, the AC/DC current source type converter, DC inductor, and load, etc. constitute the basic buck circuit, among which the AC voltage is equivalent to the DC power supply Vs according to the PWM motion vector synthesis of the three-phase current-type converter switch tube, the load side is equivalent to the DC capacitor, S is equivalent to the six effective switching vector states of the three-phase current converter. Part D serves as a three-zero equivalent relationship with the six switches of the three-phase current source type converter, that is, the upper and lower tubes of the same bridge arm are simultaneously turned on, and can also be regarded as the equivalent relationship of the main circuit D17 and S17 freewheeling path. Therefore, the hybrid topology can control the DC inductor current iL as the buck circuit. As shown in Figure 7b , when V uv > 0, and V 1 is switched to V 2 , since V D11 < 0, the spike voltage is relatively small. (Because V uv is added at both ends of S 11 , it is difficult to generate spike voltage.)
As shown in Figure 7c , when V uv < 0, and V 1 is switched to V 2 , since V D11 < 0, the spike voltage is relatively large.
In the second zone, when V uv >0 in the interval of π/6 to π/3, the order of switching is To reduce harmonics and spike voltage, and improve the life and reliability of switching devices, the PWM also needs to find the optimal switching sequence during switching. In the process of switching, to generate the voltage space vector in the second region of π/6 to π/2, as shown in Figure  6b , switching of the voltage vectors V1 and V2 is performed. Figure 7a shows the current direction when voltage vector V1 and V2 are switched. Figure 7b and Figure 7c illustrate the voltages VD11 and currents iD11 across D11 when V1 is switched to V2 in the two states of line voltage Vuv > 0 or Vuv < 0. The two cases are as follows:
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Hybrid Converter Equivalent Model and Control Strategy
According to the working principle of the topology, the hybrid topology can be equivalent. The equivalent model is shown in Figure 8 , that is, the AC/DC current source type converter, DC inductor, and load, etc. constitute the basic buck circuit, among which the AC voltage is equivalent to the DC power supply Vs according to the PWM motion vector synthesis of the three-phase current-type converter switch tube, the load side is equivalent to the DC capacitor, S is equivalent to the six effective switching vector states of the three-phase current converter. Part D serves as a three-zero equivalent relationship with the six switches of the three-phase current source type converter, that is, the upper and lower tubes of the same bridge arm are simultaneously turned on, and can also be regarded as the equivalent relationship of the main circuit D17 and S17 freewheeling path. Therefore, the hybrid topology can control the DC inductor current iL as the buck circuit.
In the second zone, when V uv <0 in the interval of π/3 to π/2, the order of switching is To reduce harmonics and spike voltage, and improve the life and reliability of switching devices, the PWM also needs to find the optimal switching sequence during switching. In the process of switching, to generate the voltage space vector in the second region of π/6 to π/2, as shown in Figure  6b , switching of the voltage vectors V1 and V2 is performed. Figure 7a shows the current direction when voltage vector V1 and V2 are switched. Figure 7b and Figure 7c illustrate the voltages VD11 and currents iD11 across D11 when V1 is switched to V2 in the two states of line voltage Vuv > 0 or Vuv < 0. The two cases are as follows:
V
Hybrid Converter Equivalent Model and Control Strategy
According to the working principle of the topology, the hybrid topology can be equivalent. The equivalent model is shown in Figure 8 , that is, the AC/DC current source type converter, DC inductor, and load, etc. constitute the basic buck circuit, among which the AC voltage is equivalent to the DC power supply V s according to the PWM motion vector synthesis of the three-phase current-type converter switch tube, the load side is equivalent to the DC capacitor, S is equivalent to the six effective switching vector states of the three-phase current converter. Part D serves as a three-zero equivalent relationship with the six switches of the three-phase current source type converter, that is, the upper and lower tubes of the same bridge arm are simultaneously turned on, and can also be regarded as the equivalent relationship of the main circuit D 17 and S 17 freewheeling path. Therefore, the hybrid topology can control the DC inductor current i L as the buck circuit. The relationship between the current of the DC inductor and the state of the switch is shown in Figure 9 . To improve the response speed, the sliding mode variable structure is adopted to control the current. When the switch is turned on, Equations (9)- (11) can be obtained.
where Vs is the equivalent voltage. When the switch is turned off, Equation (12) can be obtained.
m is defined as the duty cycle and TS is the switching period. If i3 is given as the current reference value i*, the i1 tracking i* can be realized by the sliding mode regulator controlling the duty ratio m. The current error e is defined as the state variable, and the state error equation can be expressed as The "chattering" phenomenon is suppressed by second-order sliding mode control, and the sliding surface is defined as:
where k is the integral coefficient, which determines the convergence speed of the tracking error.
The exponential approach is chosen to design the sliding mode controller, i.e.,
The control rate is calculated and selected as follows, The relationship between the current of the DC inductor and the state of the switch is shown in Figure 9 . To improve the response speed, the sliding mode variable structure is adopted to control the current. The relationship between the current of the DC inductor and the state of the switch is shown in Figure 9 . To improve the response speed, the sliding mode variable structure is adopted to control the current. When the switch is turned on, Equations (9)- (11) can be obtained.
The control rate is calculated and selected as follows, When the switch is turned on, Equations (9)- (11) can be obtained.
where V s is the equivalent voltage. When the switch is turned off, Equation (12) can be obtained.
m is defined as the duty cycle and T S is the switching period. If i 3 is given as the current reference value i*, the i 1 tracking i* can be realized by the sliding mode regulator controlling the duty ratio m. The current error e is defined as the state variable, and the state error equation can be expressed as
The "chattering" phenomenon is suppressed by second-order sliding mode control, and the sliding surface is defined as:
where k is the integral coefficient, which determines the convergence speed of the tracking error. The exponential approach is chosen to design the sliding mode controller, i.e., The control rate is calculated and selected as follows,
Sliding mode variable structure control has strong robustness and complete adaptability to system external interference and modeling dynamics, as well as advantages such as reduced order, decoupling, fast response, good dynamic characteristics, and easy implementation. Therefore, this paper uses sliding mode variable structure control to achieve the control of voltage variation. From the basic principle of the sliding mode variable structure, when the sliding surface and the control rate are selected, the sliding mode variable structure control system can be completely established.
According to the equivalent model, the control block diagram is shown in Figure 10 , where i dc0 is the current that does not pass through the filter after the high-frequency transformer output is rectified, and i dc1 is the actual output value of the entire topology. i dc * is the expected output value of the entire topology. Their specific locations in the topology are shown in Figure 4 . Since the secondary side of the high-frequency transformer has a filter, to improve the current control accuracy, the filter current needs to be compensated. Therefore, the PI control is added to compensate the capacitance current, and ∆i dc is the filter capacitor current compensation value. This paper controls the current i dc* equivalently by controlling the voltage v DC across the L DC . By introducing the feedforward amount V dc , the system response time is reduced, that is, the expected output value of the entire topology i dc * is equivalently controlled by controlling the voltage variation ∆v s across the inductor. Since this paper obtains a high-precision and wide-range photovoltaic cell simulator by following the I-V curve of the photovoltaic cell with power electronics, it is necessary to give the illumination intensity and temperature parameters of the photovoltaic panel, and then the IV curve can be uniquely determined according to the idc1 and V dc of the load end, whereby the system can follow the output characteristics of the photovoltaic panel according to closed loop control. The I-V curves of photovoltaic panels at different light intensities and temperatures can be obtained from Equations (5)
-(7).
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Sliding mode variable structure control has strong robustness and complete adaptability to system external interference and modeling dynamics, as well as advantages such as reduced order, decoupling, fast response, good dynamic characteristics, and easy implementation. Therefore, this paper uses sliding mode variable structure control to achieve the control of voltage variation. From the basic principle of the sliding mode variable structure, when the sliding surface and the control rate are selected, the sliding mode variable structure control system can be completely established. According to the equivalent model, the control block diagram is shown in Figure 10 , where idc0 is the current that does not pass through the filter after the high-frequency transformer output is rectified, and idc1 is the actual output value of the entire topology. idc* is the expected output value of the entire topology. Their specific locations in the topology are shown in Figure 4 . Since the secondary side of the high-frequency transformer has a filter, to improve the current control accuracy, the filter current needs to be compensated. Therefore, the PI control is added to compensate the capacitance current, and Δidc is the filter capacitor current compensation value. This paper controls the current idc* equivalently by controlling the voltage vDC across the LDC. By introducing the feedforward amount Vdc, the system response time is reduced, that is, the expected output value of the entire topology idc* is equivalently controlled by controlling the voltage variation Δvs across the inductor. Since this paper obtains a high-precision and wide-range photovoltaic cell simulator by following the I-V curve of the photovoltaic cell with power electronics, it is necessary to give the illumination intensity and If this topology is applied for battery simulation, electronic load, etc., the topological structure of high frequency transformer secondary side must be replaced for controlled single phase full bridge, as shown in Figure 5 . In the control, only the S 31 to S 34 of the VSCI in the above control strategy adopt the 50% duty cycle PWM pulse, and the S 21 to S 24 adopts the full conduction mode to form the rectification, so that the opposite direction of energy flow can be realized.
Simulation Verification and Analysis
Combined with the analysis of hybrid topology and control strategy, considering the secondary side of the high-frequency transformer adopting the controllable single-phase full bridge, the widerange photovoltaic simulation of this paper can be realized, and the reverse flow of energy can be realized to the grid. To make simulation verification more universal, the simulation verified the topology and control strategy with energy bidirectional flow. The circuit parameters were as follows: DC inductance, L DC = 0.25 mH; AC filter capacitor, C u = C v = C w = 75 µF; and filter inductor, L u = L v = L w = 9.2 mH. The simulation block diagram is shown in Figure 11 . Combined with the analysis of hybrid topology and control strategy, considering the secondary side of the high-frequency transformer adopting the controllable single-phase full bridge, the widerange photovoltaic simulation of this paper can be realized, and the reverse flow of energy can be realized to the grid. To make simulation verification more universal, the simulation verified the topology and control strategy with energy bidirectional flow. The circuit parameters were as follows: DC inductance, LDC = 0.25 mH; AC filter capacitor, Cu = Cv = Cw = 75 μF; and filter inductor, Lu = Lv = Lw = 9.2 mH. The simulation block diagram is shown in Figure 11 .
(1) Stable load verification
In Figure 12 , Iout2 is the DC side output current when the system is working as a power supply, Iin2 is the DC side input current when the system is used as an electronic load, Iref is the system given current, PulseReady is the system opening operation signal, and vu and iu are u phase voltage and current on the grid side of the system. It can be seen in Figure 12a ,b that the system startup sequence is valid and can be stably operated in a separate power and inverter mode for a given implementation.
(2) Dynamic tracking verification In Figure 13 , Idc is the DC current of the system, Iref is the given current of the system, and PulseFlag is the working signal of the different states of the system. As shown in Figure 13a , the system has fast tracking capability and bidirectional conversion function. It can perform mode conversion according to the given mode and can perform stably. As shown in Figure 13b , it can be concluded that the system has a fast dynamic response capability; even in the transient state of mode transformation, it still has a good response capability. As shown in Figure 13c , the system exhibits good homomorphic tracking and stability under different loads and different modes. (1) Stable load verification In Figure 12 , I out2 is the DC side output current when the system is working as a power supply, I in2 is the DC side input current when the system is used as an electronic load, I ref is the system given current, PulseReady is the system opening operation signal, and v u and i u are u phase voltage and current on the grid side of the system. It can be seen in Figure 12a ,b that the system startup sequence is valid and can be stably operated in a separate power and inverter mode for a given implementation. In Figure 13 , I dc is the DC current of the system, I ref is the given current of the system, and PulseFlag is the working signal of the different states of the system. As shown in Figure 13a , the system has fast tracking capability and bidirectional conversion function. It can perform mode conversion according to the given mode and can perform stably. As shown in Figure 13b , it can be concluded that the system has a fast dynamic response capability; even in the transient state of mode transformation, it still has a good response capability. As shown in Figure 13c , the system exhibits good homomorphic tracking and stability under different loads and different modes. In summary, the simulation results verify the correctness of the proposed topology and control strategy. The simulation results show that the system has good control tracking performance and steady state performance in both stable and variable loads, and for the extended energy bidirectional flow function. It also has good control effects and meets the expected design requirements.
Experimental Analysis and Verification
According to the above topology structure and control strategy, a 10-kW experimental platform was designed. The specific structure is shown in Figure 14 .
In summary, the simulation results verify the correctness of the proposed topology and control strategy. The simulation results show that the system has good control tracking performance and steady state performance in both stable and variable loads, and for the extended energy bidirectional flow function. It also has good control effects and meets the expected design requirements.
According to the above topology structure and control strategy, a 10-kW experimental platform was designed. The specific structure is shown in Figure 14 . Figure 15 shows the system test results when the DC output power was about 5 kW. The waveform was measured when the DC output voltage was 394.42 V and the DC output current was 12.795 A. The AC power factor was 1.0, the current THD was 3.37%, and the voltage THD was 0.81%. The system efficiency was 86.67%. Figure 15 shows the system test results when the DC output power was about 5 kW. The waveform was measured when the DC output voltage was 394.42 V and the DC output current was 12.795 A. The AC power factor was 1.0, the current THD was 3.37%, and the voltage THD was 0.81%. The system efficiency was 86.67%.
Power Supply Experiment
Experimental Analysis and Verification
According to the above topology structure and control strategy, a 10-kW experimental platform was designed. The specific structure is shown in Figure 14 . Figure 15 shows the system test results when the DC output power was about 5 kW. The waveform was measured when the DC output voltage was 394.42 V and the DC output current was 12.795 A. The AC power factor was 1.0, the current THD was 3.37%, and the voltage THD was 0.81%. The system efficiency was 86.67%. Figure 16 shows the system test results when the DC output power was about 10 kW. The measured waveform was measured when the DC output voltage was 393.82 V and the DC output current was 25.463 A. The AC power factor was 1.0, the current THD was 2.73%, and the voltage THD was 0.83%. The system efficiency was 85.27%. Figure 16 shows the system test results when the DC output power was about 10 kW. The measured waveform was measured when the DC output voltage was 393.82 V and the DC output current was 25.463 A. The AC power factor was 1.0, the current THD was 2.73%, and the voltage THD was 0.83%. The system efficiency was 85.27%. Finally, efficiency and power experiments were carried out for the system. The prototype was tested in the range of 0-10 kW of DC output power, and the power factor and overall efficiency of the grid side were tested. The experimental results are shown in Figure 17 . It can be seen that the system output power was more than 85.27% in the range of 3-10 kW, and has a wide efficiency platform; the power factor of the system output power in the range of 2-10 kW was greater than 0.9924. Since the system often works at a non-rated operating point when used as a multi-function power supply, high-efficiency platforms and high-power factor platforms can save energy and reduce reactive power under various operating conditions. The efficiency of the power supply and the loss of the switching device are indeed two important research directions. For qualitative analysis, the current source converter is slightly less efficient than the voltage source converter under the same input voltage. In terms of efficiency optimization, although the topology proposed in this paper is not the most efficient at a single operating point, it can save energy and reduce reactive power under various operating conditions. In terms of switching loss, soft switching technology can be added according to the special needs of high power and high frequency occasions to reduce system losses. Finally, efficiency and power experiments were carried out for the system. The prototype was tested in the range of 0-10 kW of DC output power, and the power factor and overall efficiency of the grid side were tested. The experimental results are shown in Figure 17 . It can be seen that the system output power was more than 85.27% in the range of 3-10 kW, and has a wide efficiency platform; the power factor of the system output power in the range of 2-10 kW was greater than 0.9924. Since the system often works at a non-rated operating point when used as a multi-function power supply, high-efficiency platforms and high-power factor platforms can save energy and reduce reactive power under various operating conditions. The efficiency of the power supply and the loss of the switching device are indeed two important research directions. For qualitative analysis, the current source converter is slightly less efficient than the voltage source converter under the same input voltage. In terms of efficiency optimization, although the topology proposed in this paper is not the most efficient at a single operating point, it can save energy and reduce reactive power under various operating conditions. In terms of switching loss, soft switching technology can be added according to the special needs of high power and high frequency occasions to reduce system losses. Figure 16 shows the system test results when the DC output power was about 10 kW. The measured waveform was measured when the DC output voltage was 393.82 V and the DC output current was 25.463 A. The AC power factor was 1.0, the current THD was 2.73%, and the voltage THD was 0.83%. The system efficiency was 85.27%. Finally, efficiency and power experiments were carried out for the system. The prototype was tested in the range of 0-10 kW of DC output power, and the power factor and overall efficiency of the grid side were tested. The experimental results are shown in Figure 17 . It can be seen that the system output power was more than 85.27% in the range of 3-10 kW, and has a wide efficiency platform; the power factor of the system output power in the range of 2-10 kW was greater than 0.9924. Since the system often works at a non-rated operating point when used as a multi-function power supply, high-efficiency platforms and high-power factor platforms can save energy and reduce reactive power under various operating conditions. The efficiency of the power supply and the loss of the switching device are indeed two important research directions. For qualitative analysis, the current source converter is slightly less efficient than the voltage source converter under the same According to the photovoltaic simulation formula, the output characteristic curve of the photovoltaic cell at an illumination intensity of 1000 W/m 2 and a temperature of 25 • C is shown in Figure 18a . The designed output characteristic curve satisfies the specified characteristic parameters and curve characteristics. If the sunshine intensity changes within one day, as shown in Figure 18b , the upper position of the prototype changes the input of the PV panel parameters according to the change of the curve of Figure 18b , thereby obtaining the output characteristics of the photovoltaic cell simulation system, as shown in Figure 18c . The output characteristic curve of the photovoltaic cell is basically consistent with the sunshine intensity, which verifies the correctness of the solar cell output.
Power Supply Experiment
(a) Design of solar cell characteristic curve Combined with the maximum capacity of the hardware of 10 kW, the characteristic parameters of the specified analog solar cell are as follows:
Open According to the photovoltaic simulation formula, the output characteristic curve of the photovoltaic cell at an illumination intensity of 1000 W/m 2 and a temperature of 25 °C is shown in Figure 18a . The designed output characteristic curve satisfies the specified characteristic parameters and curve characteristics. If the sunshine intensity changes within one day, as shown in Figure 18b , the upper position of the prototype changes the input of the PV panel parameters according to the change of the curve of Figure 18b , thereby obtaining the output characteristics of the photovoltaic cell simulation system, as shown in Figure 18c . The output characteristic curve of the photovoltaic cell is basically consistent with the sunshine intensity, which verifies the correctness of the solar cell output. A prototype based on the topology, control strategy and simulation method is proposed in the previous section. It was used as the photovoltaic simulator, and the output was connected with the photovoltaic grid-connected inverter with MPPT control. The test results are shown in Figure 19 . It can be seen from the V-I feat window in Figure 19 that the V-I feat curve at the current operating point illumination intensity conforms to the standard characteristic waveform. The maximum power point of the actual output of the simulator and the calculated target maximum power point are substantially coincident, which demonstrates that the simulation and MPPT control results are correct. In the instant power window in Figure 19 , the instantaneous output power indicated by the green line is the instantaneous power that the photovoltaic cell can theoretically output at different illumination intensities at different times, while the red line indicates the instantaneous power absorbed by the photovoltaic grid-connected inverter from the photovoltaic simulator using the proven MPPT control method. The two curves being basically the same represents that the photovoltaic simulator reaches the maximum power point and has the maximum power point characteristics of the photovoltaic cell. The yellow line represents the error of the two curves. During 40 min, the instantaneous power and maximum power point of the PV simulator change with time and illumination intensity. The whole process realizes the simulation of the PV characteristics, which verifies the correctness and effectiveness of the topology and control methods presented in this paper. A prototype based on the topology, control strategy and simulation method is proposed in the previous section. It was used as the photovoltaic simulator, and the output was connected with the photovoltaic grid-connected inverter with MPPT control. The test results are shown in Figure 19 . It can be seen from the V-I feat window in Figure 19 that the V-I feat curve at the current operating point illumination intensity conforms to the standard characteristic waveform. The maximum power point of the actual output of the simulator and the calculated target maximum power point are substantially coincident, which demonstrates that the simulation and MPPT control results are correct. In the instant power window in Figure 19 , the instantaneous output power indicated by the green line is the instantaneous power that the photovoltaic cell can theoretically output at different illumination intensities at different times, while the red line indicates the instantaneous power absorbed by the photovoltaic grid-connected inverter from the photovoltaic simulator using the proven MPPT control method. The two curves being basically the same represents that the photovoltaic simulator reaches the maximum power point and has the maximum power point characteristics of the photovoltaic cell. The yellow line represents the error of the two curves. During 40 min, the instantaneous power and maximum power point of the PV simulator change with time and illumination intensity. The whole process realizes the simulation of the PV characteristics, which verifies the correctness and effectiveness of the topology and control methods presented in this paper.
Conclusion
Based on the large-capacity and wide-range photovoltaic cell simulation, first the requirements of photovoltaic cell simulation for power electronics topology and control strategy were analyzed, and then a new wide-range, wide-efficiency platform for power electronics hybrid converter topology was designed. The equivalent model is proposed by analyzing the working theory of hybrid topology. The current space vector was replaced by voltage space vector to control the current source converter. Based on the equivalent model, the overall control strategy with current compensation is 
Conclusions
Based on the large-capacity and wide-range photovoltaic cell simulation, first the requirements of photovoltaic cell simulation for power electronics topology and control strategy were analyzed, and then a new wide-range, wide-efficiency platform for power electronics hybrid converter topology was designed. The equivalent model is proposed by analyzing the working theory of hybrid topology. The current space vector was replaced by voltage space vector to control the current source converter. Based on the equivalent model, the overall control strategy with current compensation is proposed. Through theoretical analysis, simulation and experiment, the following conclusions are obtained:
1.
Based on the hybrid topology of current source type converter, high frequency transformer and voltage source type converter, the voltage and current have a wide range of output functions, while the input and output high frequency isolation can expand capacity in parallel, which is suitable for high power and wide range of programmable power supplies, photovoltaic cell simulation, etc.
2.
For the new hybrid topology, firstly, the voltage space vector was used to replace the current space vector control in the current source converter, which can solve the divergence problem when the small current or current is interrupted. Secondly, the capacitor current compensation control and the sliding mode variable structure control were used to improve the control accuracy and the speed of control. Finally, the new hybrid topology is equivalent to the basic Buck circuit model, which simplifies the control complexity and improves the control reliability.
3.
The good characteristics of the proposed topology and control strategy under steady state and dynamics were verified by simulation. A 10 kW prototype was designed and verified by experiments. The experimental results show that the efficiency of the system exceeds 85% in the interval above 70%, the power factor exceeds 0.99 in the interval above 80%, and the total voltage harmonic distortion rate and total current harmonic distortion rate at the grid side are 0.83% and 2.73%, respectively, at the rated power, which satisfies the requirements of the grid for the equipment. Finally, a photovoltaic cell simulation experiment was carried out to realize the dynamic response under variable illumination intensity and the evaluation of output photovoltaic characteristics. The correctness and effectiveness of the photovoltaic cell simulation method were also verified.
In summary, this paper proposes a new hybrid topology, model and control strategy by taking photovoltaic cell simulation as an example, focusing on the single direction analysis and experimental verification of power supply. This paper also focuses on the topology expansion and simulation analysis of energy bidirectional flow. This topology and control method can be applied to battery simulation and electronic load applications through the expansion scheme described in this paper. 
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